Purpose: Sorafenib is an inhibitor of VEGF receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), and RAF kinases, amongst others. We assessed the association of somatic mutations with clinicopathologic features and clinical outcomes in patients with metastatic melanoma treated on E2603, comparing treatment with carboplatin, paclitaxel AE sorafenib (CP vs. CPS).
Introduction
Cutaneous melanoma is the most aggressive form of skin cancer. Its incidence and mortality are increasing, with approximately 76,690 new cases and 9,480 deaths related to melanoma projected for 2013 (1) . In the past few years, on the basis of improvement in survival, new therapies were approved for the treatment of advanced-stage melanoma, including the CTLA4 antagonist ipilimumab (Yervoy, Bristol-Myers Squibb), and the targeted BRAF inhibitors vemurafenib (Zelboraf, Genentech) and dabrafenib (Tafinlar, GlaxoSmithKline), and the MEK inhibitor trametinib (Mekinist, GlaxoSmithKline; refs. [2] [3] [4] [5] [6] [7] . Before the approval of ipilimimab and BRAF inhibitors, no effective, standard treatment existed for advanced melanoma. Patients were treated with dacarbazine or high-dose interleukin-2, which demonstrated limited objective response rates of 10% to 20% (8, 9) . Carboplatin and paclitaxel also were used to treat patients with advanced-stage melanoma with similar results (3) . In the absence of treatment, overall median survival for patients with advanced melanoma is between 9 and 12 months (3, 10) .
Sorafenib (Nexavar, Bayer Pharmaceuticals) is an oral multikinase inhibitor that targets angiogenesis through VEGF receptor (VEGFR) and platelet-derived growth factor receptor b (PDGFR); RAF kinases, including BRAF and CRAF; and other receptor tyrosine kinases (11, 12) . Sorafenib has been demonstrated to be effective in the treatment of renal cell, hepatocellular carcinoma, and most recently differentiated thyroid cancer, mainly through its effects on angiogenesis, and is U.S. Food and Drug Administration (FDA)-approved for these indications (13) (14) (15) (16) . Phase II clinical trials investigated the effect of sorafenib monotherapy in patients with advanced melanoma and demonstrated limited to no response but a tolerable side effect profile (17, 18) . A phase I clinical trial investigated the effect of adding sorafenib to carboplatin and paclitaxel in patients with melanoma to increase the effectiveness of chemotherapy, with favorable response rates independent of BRAF mutation status, including 1 complete response (CR) and 9 partial responses (PR) in patients with melanoma (19) . Thus, a randomized, double-blinded, placebo-controlled phase III trial was initiated by Eastern Cooperative Oncology Group (ECOG) to investigate the impact of addition of sorafenib to carboplatin and paclitaxel (ECOG 2603) . Although the clinical trial did not demonstrate a difference in overall survival (OS) with addition of sorafenib to chemotherapy, it did establish the combination of carboplatin and paclitaxel as a standard of care in treatment of metastatic melanoma, where evidence had been lacking (20) .
Somatic mutations identified in melanoma tumor tissues have been shown to play an integral role in melanoma pathogenesis. Mutations in BRAF are found in up to 50% of melanomas, with the most common mutation occurring at codon 600 resulting in the BRAF V600 mutation (21) (22) (23) (24) (25) . NRAS also is mutated in 15% to 20% of melanomas, with the most common mutation resulting in substitution for the amino acid glutamine (Q) at position 61 (26) (27) (28) (29) . Additional mutations have been identified within both BRAF and NRAS, which occur at lower frequencies. The association of somatic mutations with clinical response to chemotherapy and targeted therapy is not clearly defined, with the exception of targeted inhibition of mutant BRAF.
The current study presents the somatic mutation correlative studies for the large E2603 clinical trial. We used the pretreatment tumor samples from patients enrolled on the E2603 to assess the association of somatic mutations identified in tumor samples with clinicopathologic features and clinical outcomes. E2603 was a randomized phase III clinical trial of carboplatin/paclitaxel AE sorafenib. Importantly, patients were included without determination of mutation status in E2603, and this unselected population allowed for the evaluation of the natural history of melanoma, before mutant BRAF-specific targeted therapy. We also determined whether somatic mutations in patient tumors were associated with progression-free survival (PFS) and OS, alone or in conjunction with known prognostic markers in melanoma.
Materials and Methods

Patients
In the double-blind phase III ECOG 2603 clinical trial, patients were randomized to receive carboplatin/paclitaxel [CP (control arm); area under the curve (AUC) of 6 and 225 mg/m 2 , respectively, every 3 weeks] or carboplatin/paclitaxel plus sorafenib [CPS (experimental arm); 400 mg per os twice daily for days 2-19 of every 21-day cycle; ref . 20] . To be eligible for the study, patients needed to have confirmed melanoma that was unresectable or metastatic; uveal melanomas and patients with brain metastases were excluded. Additional eligibility criteria included measurable disease, age at least 18 years, ECOG performance status (PS) of 0 or 1, and normal baseline laboratory values. Treatment with prior chemotherapy or MAPK pathway targeted therapy were exclusion criteria. All prior therapies, including radiation, needed to be completed at least 4 weeks before trial enrollment.
Patient demographics and tumor characteristics were collected, which included age at diagnosis, gender, American Joint Committee on Cancer (AJCC) stage, ECOG PS, Breslow depth, Clark level, number of sites involved, primary tumor site, ulceration, and lactate dehydrogenase (LDH) level. In addition, the latitudes of individual recruitment sites were identified to determine whether mutation status was associated with sun exposure; degrees of latitude were stratified in groups of 10,000s (e.g., 10,000-20,000).
Melanoma tumor samples and DNA isolation
Available pretreatment tumor samples were obtained from patients enrolled on the E2603 clinical trial who gave consent to use their tumor samples under the approval of the Institutional Review Boards of participating centers. The most recent tissue sample was preferred, either diagnostic biopsy or resection; if metastatic tissue was unavailable, primary melanoma samples were permitted. Patients had provided written consent. Hematoxylin and eosin (H&E)
Translational Relevance
We present the somatic mutation correlative studies for E2603, a randomized Eastern Cooperative Oncology Group (ECOG) clinical phase III trial investigating the benefit of sorafenib added to carboplatin and paclitaxel in patients with advanced-stage melanoma. Although this trial failed to demonstrate a significant contribution of sorafenib, the observed effects of carboplatin/paclitaxel have resulted in this regimen being considered a standard treatment for metastatic melanoma. Our results suggest patients with NRAS-mutant melanoma do worse with chemotherapy alone, possibly explaining the poor prognosis observed in these patients in other studies. However, there was a trend toward improvement in clinical response and progression-free survival in these patients with the addition of sorafenib, equivalent to patients with BRAF-mutant and WT/WT melanomas. This finding suggests that non-BRAF selective MAPK inhibitors may have a role in targeted therapy for this population, an important insight given the lack of molecularly targeted therapeutic options for NRASmutant melanoma.
sections of formalin-fixed, paraffin-embedded (FFPE) tumor samples were evaluated for tumor quality and content. A single pathologist (D.L. Rimm) examined each tumor sample to ensure the presence of at least 70% tumor. Tumor samples were macrodissected to more than 70% tumor. DNA was isolated from FFPE tumors, either scraped from slides or extracted from paraffin rolls. After deparafinization, DNA was isolated with sodium thiocyanate, followed by digestion with proteinase K, and precipitated with ammonium acetate. DNA was resuspended in TE and concentrations were determined using picoGreen (Quant-iT PicoGreen dsDNA Reagent, Invitrogen).
Mutation analysis/genotyping
Genotyping was performed using a custom iPlex Sequenom panel interrogating 74 mutations in 13 genes, described in detail in Supplementary Methods. Primers and multiplex design are available upon request. Genotyping was done in the Perelman School of Medicine Molecular Profiling Facility (Philadelphia, PA). Additional details are provided in Supplementary Methods. Sequencing of BRAF exon 11 mutations was performed on all tumor samples that were wild-type (WT) for BRAF, NRAS, KIT, and GNA11/ GNAQ. Primers and PCR conditions are found in Supplementary Methods.
Statistical analysis
The Fisher exact test was used to compare BRAF and NRAS mutation by patients' demographic and disease characteristics, and multivariable logistic regression was used to calculate adjusted ORs for BRAF and NRAS mutations for these variables. Fisher exact test and multivariable logistic regression were also used to compare the clinical response (CR plus PR) between treatment arms by BRAF/NRAS mutation status. The distribution of OS and PFS was estimated using the Kaplan-Meier method and was compared between groups using log-rank test. Data from 4 patients with GNA11/GNAQ mutations were excluded from survival analysis as these samples most likely originated from metastases from uveal melanomas. Cox proportional hazards models were used to assess the prognostic value of BRAF and NRAS mutation on OS after adjustment for other variables. OS was defined as time from randomization to death from any cause, and patients who were still alive were censored at the date of last known alive. PFS was defined as time from randomization to disease progression or death from any cause (whichever occurred first), and patients who were still alive and had no disease progression were censored at the date of last disease assessment. All P values were for 2-sided tests and P < 0.05 was considered statistical significance. Because of the exploratory nature of the study, no adjustment was made for multiple comparisons. All analysis was conducted using STATA 11.2 (30) .
Results
Mutation frequency
From the 823 patients enrolled on the E2603 clinical trial, 620 archival pretreatment samples were available for analysis. H&E stains of tumor samples were analyzed to determine tumor presence and adequacy for analysis. Of the available samples, 76 (12%) samples had no demonstrable tumor, 241 (39%) samples had insufficient tumor, 22 (4%) samples with H&E slides did not have tumor sample available for processing, and DNA extraction was not performed on one duplicate sample. A total of 280 samples underwent DNA extraction, 243 (87%) of which had adequate DNA for genotyping. Accounting for multiple tumor samples from 31 patients, 179 unique patient samples were analyzed. Eighty-one tumor samples were from patients on the control arm (CP) and 98 tumor samples were from patients on the experimental arm (CPS). No significant difference in patient demographic and disease characteristics was found between the 179 patients and the remaining 643 patients were not included in the present analysis (data not shown). The OS was similar as well ( Supplementary Fig. S1 ). Of the 179 patients included in the current analysis, there was no significant difference between 2 treatment arms regarding known prognostic factors and clinical outcomes (data not shown).
In the 179 analyzable patients, the overall BRAF mutation rate was 45% and NRAS mutation rate was 23% (Table 1) . Nearly 33% tumors lacked BRAF or NRAS mutations and are termed WT/WT. Mutations in BRAF and NRAS were mutually exclusive, with the exception of one tumor sample that harbored BRAF V600K and NRAS A146P mutations. The 3 observed BRAF exon 11 mutations were p.G464E, p.G469A, and p.G469V. The AKT1 E17K mutation was coincident with a BRAF V600E mutation and the AKT3 E17K mutation with NRAS Q61K mutation. The 6 CDK4 R24 mutations, with different amino acid substitutions, were coincident with BRAF V600E mutations. Four of the 5 CTNNB1 (b-catenin) mutations were concurrent with BRAF mutations. One CTNNB1 S37F mutation was observed in BRAF
V600E
-mutant tumor, whereas the other sample was WT/WT. Two CTNNB1 S45Y mutations were seen in tumors with BRAF V600R mutations, and one, CTNNB1
S45F
, with BRAF V600E mutation.
Association of mutations with patient demographics and disease characteristics
At the time of initial diagnosis, patients with BRAF mutant melanomas trended toward earlier age of diagnosis (median age cutoff ¼ 58), whereas those with WT/WT melanomas trended toward older age of diagnosis (Table  2) . Patients with BRAF-mutant melanomas had a worse ECOG PS than those patients with NRAS-mutant or WT/WT melanomas (P ¼ 0.038). Patients with BRAF-mutant melanoma had an increased number of disease sites; 41% of patients with BRAF-mutant melanoma had !4 sites involved as compared with patients with NRAS-mutant (15%) or WT/WT melanomas (22%; P ¼ 0.026). To assess the effect of sun exposure on mutation status, we used proximity to the equator as a surrogate and stratified recruitment locations by latitude. No mutation was associated with latitude (Table 2) .
Multivariable logistic regression demonstrated that the BRAF mutation is associated with younger age of diagnosis Table  S1 ). Truncal primary melanomas tended to have a BRAF mutation (OR, 3.10; 95% CI, 0.95-10.08). Patients were more likely to have an NRAS mutation if they were female (OR, 2.79; 95% CI, 1.10-7.07) and less likely to have an NRAS mutation with !4 sites of disease (OR, 0.31; 95% CI, 0.08-1.13; Supplementary Table S1) .
We further evaluated disease characteristics of patients whose melanoma had specific BRAF V600 mutations (Table  3 ) as prior studies have demonstrated different clinicopathologic characteristics (31) . Patients with melanomas carrying V600E or V600K mutations demonstrated differences in ages at diagnosis and PS. Patients with BRAF V600E mutants tended to be a younger at diagnosis (P ¼ 0.051) and had a significantly worse PS than patients whose melanomas carried BRAF V600K (P < 0.001).
Association of mutations with clinical outcomes
In patients with BRAF-mutant melanoma, the clinical response rate (CR plus PR) was 15.6% (5 of 32) and 19.2% (9 of 47) for control and experimental arms, respectively (P ¼ 0.771; Table 4 ). In patients with NRAS-mutant melanoma, the clinical response rates were 5.6% (1 of 18) and 22.7% (5 of 22) for the control and experimental arms, respectively (P ¼ 0.197). In WT/WT melanoma, the clinical response rate was similar in the control and experimental arms, 16.7% (5 of 30) and 20.0% (5 of 25), respectively (P > 0.05). The treatment-by-mutation interaction test was not statistically significant in logistic model for clinical response (Table 4) .
In patients with BRAF-mutant melanoma, the median PFS were 2.2 and 5.0 months for the control and experimental arms, respectively, and median OS were 8.8 and 8.9 months for control and experimental arm, respectively ( Fig. 1A and D) . In patients with NRAS-mutant melanoma, the median PFS were 3.0 and 5.1 months for control and experimental arms, respectively, and the median OS were 9.8 and 10.3 months for control and experimental arms, respectively ( Fig. 1B and E) . In patients with WT/WT melanoma, the median PFS were 4.5 and 5.8 months for control and experimental arms, respectively, and median OS were 10.0 and 12.1 months for the control and experimental arms, respectively ( Fig.  1C and F) .
The results of this study demonstrated no difference between the 2 treatment arms in OS and PFS and no association with treatment outcome and BRAF and NRAS mutations. Consequently, the treatment arms were collapsed as called for in our prospectively defined analysis plan, and we examined the relationship of BRAF and NRAS mutations with OS. Multivariable Cox regression was used to assess the prognostic value of BRAF and NRAS mutations on OS after adjustment for additional prognostic variables known to influence melanoma prognosis (Table 5 ). Our results demonstrate that BRAF and NRAS mutations are not prognostic factors for OS in E2603 patients. Worse PS (HR, 2.22; 95% CI, 1.46-3.37; P < 0.001) and elevated LDH (HR, 2.16; 95% CI, 1.42-3.28; P < 0.001) predicted for worse survival in patients. The primary site of melanoma also was a significant prognostic marker in this study. Patients with truncal primary melanomas, when compared with lower limb melanomas, had worse survival (HR, 2.41; 95% CI, 1.29-4.49; P ¼ 0.006) as did patients with melanomas at sites other than lower limb and trunk (HR, 1.99; 95% CI, 1.13-3.52; P ¼ 0.017). When years since diagnosis was analyzed as a continuous variable, increased time was associated with an increased survival (HR, 0.94; 95% CI, 0.89-1; P ¼ 0.039). BRAF_all includes all BRAF V600 and BRAF K601 mutations and excludes BRAF exon 11 mutations. c NRAS_all includes all NRAS mutations, NRAS G13, NRAS A146, and NRAS Q61.
Discussion
We investigated the correlation between somatic mutations and clinical outcome in patients with melanoma treated on the E2603 randomized phase III clinical trial.
Notably, patients were randomized to treatment arms without prior knowledge of mutation status. Tumor samples from patients on the E2603 clinical trial also provided a large sample population in which to study the natural Latitudes are presented in quintiles, representing degrees of latitude in 10,000s from the equator (e.g., 20-30, 20,000-30,000 degrees of latitude).
history of melanoma, before the era of BRAF-targeted therapy. We identified mutations in BRAF, NRAS, and WT/WT melanomas at frequencies consistent with published data (23, 31, 32) . We also identified less frequent mutations in BRAF (i.e., BRAF K601E and exon 11 mutations BRAF G464E , BRAF G469A , and BRAF G469V ) and NRAS (i.e., G13R, G13V, G13C, and G13D), as well as low-frequency mutations in other genes integral to melanoma pathogenesis. We identified mutations in GNA11/GNAQ in 4 tumor samples. These tumors most likely represent metastatic uveal melanomas as patients with melanoma of unknown primary were permitted on the study, which were excluded in data analysis.
We evaluated the association of mutations with patient demographics and disease characteristics combining data from control and experimental arms, as no differences were identified between the 2 arms. BRAF mutations were associated with worse PS and increased number of sites of disease as compared with NRAS mutations and WT/WT melanomas. Younger age at diagnosis emerged as significant in logistic regression analysis. Truncal primary site of melanoma was marginally associated with higher proportion of BRAF mutation in bivariate analysis and significantly so in multivariable analysis. These results are consistent with observations that have been previously reported (23, 31, (33) (34) (35) .
Patients with NRAS-mutant melanoma had better PS (PS ¼ 0) and fewer sites of disease involvement (<4) than patients with BRAF-mutant melanoma. The increased number of sites of disease involvement associated with BRAF mutation has not been previously reported in the literature and is a new observation in this set of tumor samples. Also, the presence of an NRAS mutation was associated with female gender in multivariable analysis. Previous studies have not observed an association with female gender but have observed associations of NRAS mutations with increased Breslow depth and older age at diagnosis (25, 26, 32, 33, 36) .
Interestingly, patients with BRAF V600K -mutant melanoma had significantly better PS than those with BRAF V600E -mutant melanoma. Moreover, patients with BRAF V600K -mutant melanoma tended to have an older age at the time of diagnosis than those with BRAF V600E -mutant melanoma, which, although not statistically significant, is consistent with prior observations (31) . This finding may be due to the double nucleotide change that is observed with BRAF V600K mutation, which could be associated with sun exposure and increased at older ages.
Overall, BRAF and NRAS mutations were not predictive of tumor response to sorafenib in the study. The number of samples with sufficient DNA significantly limited our power to detect potentially meaningful differences in outcome. However, it is important to note that it appears that there was a trend toward a difference in clinical response in patients with NRAS mutations. Patients with NRAS-mutant melanoma demonstrated a response rate similar to BRAF-mutant and WT/WT melanomas when sorafenib was added to chemotherapy (5.6% vs. 22.7% for NRAS; 15.6% vs. 19.2% for BRAF; and 16.7% vs. 20% for WT/WT), a result that remains potentially important in light of the current lack of targeted therapy options for these patients. In addition, patients with NRAS-mutant melanoma experienced increased PFS with the addition of sorafenib to chemotherapy, with PFS similar to those observed with BRAF-mutant or WT/WT melanomas. Similar results were observed in NRAS-mutant melanomas in the phase I trial of carboplatin, paclitaxel, and sorafenib (19) ; an increased response rate was observed in patients with NRAS-mutant melanoma. Our study was underpowered to draw definitive conclusions regarding outcomes in the NRAS-mutant subset. Sorafenib has activity against multiple kinases, including CRAF (12, 37, 38) , and we hypothesize that improved responses observed in patients with NRAS mutations are due to CRAF inhibition (39) (40) (41) , although effects on angiogenesis cannot be ruled out. However, in light of the lack of targeted therapies for NRAS-mutant melanoma, sorafenib, or other MAPK pathway inhibitors, might warrant investigation in this subset. PFS-probability Of note, there are ongoing clinical trials investigating the effect of MEK inhibitors, either alone or in combination with CDK4/6 or PI3K/mTOR inhibitors, in patients with NRAS mutations (www.clinicaltrials.gov), for which results are eagerly anticipated.
Cox regression for OS demonstrated that neither BRAF nor NRAS mutation is a prognostic biomarker for OS in patients with melanoma on ECOG 2603. Previous findings have demonstrated conflicting reports regarding the prognostic value of NRAS and BRAF mutations (23, 32, 33, 36, 42) . No difference in OS was detected in 223 primary melanomas when stratified on the basis of mutational status, specifically BRAF-mutant, NRAS-mutant, and WT melanomas (36) . Another study demonstrated no difference in time to development of metastatic disease in patients with melanoma with BRAF mutations versus BRAF wild-type (23); NRAS mutations were not evaluated in this study. In a panel of 249 primary invasive melanomas, the presence of an NRAS mutation was found to be an independent predictor of worse melanoma-specific survival (33) . However, in this study, only 14% (36 of 249) of the tumor samples had an NRAS mutation, compared with 45% (112 of 249) BRAF V600E and 40% (101 of 249) WT. Mutation status was not associated with a survival difference once patients had developed metastatic disease (33) . In a larger study analyzing 677 melanoma tumor samples, patients with NRAS mutations (20.1%, 136 of 677) had a shorter median OS from time of metastatic diagnosis than patients with WT melanomas (32) . Moreover, NRAS mutations were independently associated with decreased survival in multivariate analysis (32) . It has not been clear whether the differential survival in patients with NRAS-mutant melanoma is due to intrinsic differences in the biology of NRAS-, BRAF-mutant, and WT/WT melanomas or because NRAS-mutant melanomas respond more poorly to the therapies used. We did not observe a difference in survival based on melanoma mutation status, but the limited size of our sample set may have limited our power to detect a difference. However, it is important to note that we observed worse response rates with chemotherapy alone in patients with NRAS-mutant melanoma than in those with BRAF-mutant and WT/WT melanomas. These data suggest that the reason for the decreased survival in patients with NRAS-mutant melanoma observed in prior studies may be a decreased response to chemotherapy, rather than other differences in the biology of NRAS-mutant melanomas, particularly notable in this sample set, in which patients with NRAS-mutant melanoma had a better PS and fewer sites of disease. Our study was limited in the number of samples available for analysis for each treatment subgroup. Although 823 patients were enrolled on this clinical trial, biopsy samples were not a requirement for trial entry and were obtained from patients who consented for use of their available tumor samples. Thus, only 179 samples were successfully genotyped and included in the current analysis. However, the individuals from whom samples were genotyped were not significantly different compared with all of the patients on E2603. The issue of insufficient tissue highlights the importance of prospective tissue collection in future clinical trials to empower predictive biomarker investigations.
In conclusion, we evaluated tumor samples from patients with advanced melanoma (unresectable stage III or IV) prospectively recruited from a wide range of institutions, representing a varied collection of melanoma tumor samples. We have demonstrated associations between mutation status and clinicopathologic features and patient and disease characteristics. Moreover, while our data are underpowered for the analysis of genetically defined subsets, the observed associations suggest that targeting the MAPK pathway, with sorafenib in this study, may have an effect on clinical outcome in patients with certain mutations, particularly NRAS-mutant melanoma. Ongoing clinical trials also seek to target the MAPK pathway to more effectively treat NRAS-mutant melanoma.
Disclosure of Potential Conflicts of Interest
D.L. Rimm is a consultant/advisory board member for Genoptix. J.M. Kirkwood is a consultant/advisory board member for Bristol-Myers Squibb, Celgene, GlaxoSmithKline, Merck, Vical, and Ziopharm and reports receiving a commercial research grant from Prometheus. K.L. Nathanson reports receiving a commercial research grant from GlaxoSmithKline. No potential conflicts of interest were disclosed by the other authors.
Disclaimer
The content of this article is solely the responsibility of the authors and does not necessarily represent the official views of the National Cancer Institute.
